All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

Primary glaucoma, the second leading cause of blindness worldwide, will have affected 79.6 million people by 2020 \[[@pone.0170598.ref001]\]. Increased intraocular pressure (IOP) is considered a major risk factor for this disease in association with age. The progressive loss of retinal ganglion cells (RGCs) is thought to be a key factor for the pathogenesis of glaucoma \[[@pone.0170598.ref002]--[@pone.0170598.ref005]\]. However, advanced techniques, such as noninvasive neuroimaging, have demonstrated structural or functional alterations in the intracranial optic nerve and optic radiation \[[@pone.0170598.ref006]\], the lateral geniculate nucleus (LGN) \[[@pone.0170598.ref007]\], the visual cortex \[[@pone.0170598.ref008]\], and even outside the visual system, as well in patients with primary glaucoma \[[@pone.0170598.ref009]\].

Previous MRI studies have demonstrated that glaucoma patients exhibit not only neuronal degeneration in the geniculocalcarine tract and striate area \[[@pone.0170598.ref010]\] but also abnormal blood perfusion in the primary visual cortex (V1) \[[@pone.0170598.ref011]\], with increased functional activation during the initial disease stage and decreased functional activation during the later stage in these regions \[[@pone.0170598.ref012]\]. Recently, resting-state functional MRI (rs-fMRI) has been increasingly used to explore intrinsic functional activity in glaucoma patients and has provided critical information in the search for pathological mechanisms. Several recent studies have shown that glaucoma patients possess abnormalities such as decreased intrinsic functional connectivity (iFC), both within the visual network \[[@pone.0170598.ref013]\] and beyond the visual system \[[@pone.0170598.ref009]\], as well as alterations in amplitude of low-frequency fluctuations (ALFFs) \[[@pone.0170598.ref014]\] or regional homogeneity (ReHo) \[[@pone.0170598.ref015]\]. These results have been reported for patients with primary open-angle glaucoma (POAG), which is most prevalent in Western societies. In Asia and China, however, the most common type is primary angle-closure glaucoma (PACG) \[[@pone.0170598.ref001],[@pone.0170598.ref016],[@pone.0170598.ref017]\], which is probably the leading cause of glaucomatous blindness in both eyes \[[@pone.0170598.ref016]\]. The pattern of visual field loss tends to differ between PACG and POAG \[[@pone.0170598.ref018]\], for instance, the peripapillary atrophy in PACG has a different relationship with the structural and functional optic disk changes than that in POAG \[[@pone.0170598.ref019]\]. Compared with POAG, fewer retinal nerve fiber layer sectors have significant structure-function correlations in PACG \[[@pone.0170598.ref020]\], suggesting differences in the pathophysiology of optic nerve damage and even the whole visual pathway between PACG and POAG. In patients with PACG, our group has reported decreased functional centrality in the visual system and increased degree centrality (DC) in cognitive-emotional processing regions \[[@pone.0170598.ref021]\]. However, DC is a measure of the topology of the architecture of the brain functional connectome \[[@pone.0170598.ref022]\], but it does not reflect the temporal correlation between spatially remote neurophysiological events. iFC, which is amenable to simple and straightforward interpretation, allows for measurement of connectivity between brain regions that share functional properties \[[@pone.0170598.ref023]\].

In this study, we sought to obtain evidence of iFC alterations in V1. The aim was to investigate the potential functional plasticity of V1 in PACG patients with trabeculectomy and peripheral iridectomy, both before and after surgery. V1 is the core of the visual network. It receives visual information from the LGN directly, forms complex functional connections with the senior visual cortex (Brodmann area 18 (BA18), BA19), and may be susceptible to injury. Seed-based iFC analysis may provide a much more precise and detailed perspective on the specific connectivity of V1 in PACG patients. Thus, we hypothesized that V1-iFC analysis would reveal (1) disrupted connectivity between V1 and higher visual areas in preoperative PACG (pre-PACG) patients and (2) partial functional restoration of V1-associated pathways post-operatively, with improvement in clinical symptoms. Our findings may provide a new perspective for understanding the underlying pathological and compensatory mechanisms in V1 in PACG patients before and after surgery.

Materials and Methods {#sec006}
=====================

1.1 Subjects {#sec007}
------------

Forty right-handed pre-PACG patients were recruited from October 2013 to October 2015 from the Department of Ophthalmology of the First Affiliated Hospital, Nanchang University, China. The inclusion criteria for the pre-PACG patients were as follows: (1) narrow anterior chamber angles in both eyes confirmed clinically by gonioscopy and slit-lamp examination; (2) visual field defects associated with glaucoma, such as tubular vision and nasal hemianopia; and (3) an optic disk cup-to-disc ratio \> 0.6, as determined by funduscopic examination. The exclusion criteria for the pre-PACG patients were as follows: (1) diagnosis with another type of glaucoma, such as POAG or secondary glaucoma; (2) diagnosis with another ocular disease or an organic disorder affecting the optic pathway; (3) a history of brain trauma; (4) a history of an underlying disease, such as hypertension or diabetes; (5) a history of surgical treatment for glaucoma; (6) an age of greater than 65 years; (7) incomplete data from MRI scan or clinical assessment; and (8) head movement of greater than 2-mm maximum displacement in any of the x, y, or z directions or of greater than 2° angular rotation in any axis during rs-fMRI exam. Ultimately, 25 pre-PACG patients (10 males and 15 females, 39 to 63 years of age) were included in this study (6 patients were older than 65 years; 4 had incomplete clinical data; and 5 had head movement \> 2 mm or \> 2° during rs-fMRI exam).

We recruited and selected 25 right-handed, age- and gender-matched healthy subjects as controls (HCs; 10 males and 15 females, 39 to 65 years of age). The exclusion criteria for the HCs were as follows: (1) diagnosis with an ocular disorder or other systemic disease; (2) severe nearsightedness or farsightedness; (3) contraindications for MRI, such as metal implants or claustrophobia; (4) an age of greater than 65 years; and (5) head movement of greater than 2-mm maximum displacement in any of the x, y, or z directions or of greater than 2° angular rotation in any axis.

In this study, 25 PACG patients underwent trabeculectomy and peripheral iridectomy, but only 10 patients (post-PACG) were followed up for at least 3 months post-treatment due to poor patient compliance. One patient with head movement \> 2 mm during MRI exam was excluded.

This study complied with the Declaration of Helsinki, and the Human Research Ethics Committee of the First Affiliated Hospital of Nanchang University approved the study protocol. Written informed consent was obtained from each participant prior to the study. Tables [1](#pone.0170598.t001){ref-type="table"} and [2](#pone.0170598.t002){ref-type="table"} provide demographic information for the pre- and post-PACG patients and HCs.

10.1371/journal.pone.0170598.t001

###### General clinical information for preoperative primary angle-closure glaucoma (pre-PACG) patients and healthy controls (HCs).

![](pone.0170598.t001){#pone.0170598.t001g}

  Condition                              Pre-PACG           HCs           *P* value
  -------------------------------------- ------------------ ------------- -----------
  Mean age (years) (range)               52 (39-63)         52 (39-65)    0.86
  Gender (male/female)                   10/15              10/15         \> 0.99
  Handedness (right/left)                25/0               25/0          \> 0.99
  Mean disease duration (days) (range)   627 (2-3650)       \-            n/a
  IOP (mmHg)                             31.12±11.42        \-            n/a
  RNFLT (μm)                             85.24±19.54        \-            n/a
  A-C/D                                  0.65±0.17          \-            n/a
  V-C/D                                  0.63±0.21          \-            n/a
  Mean VA (range)                        0.61 (0.04-1.25)   \-            n/a
  Head motion                            0.048±0.014        0.039±0.013   0.582

Notes and Abbreviations: - = no data; IOP, intraocular pressure; RNFLT, retinal nerve fiber layer thickness; A-C/D, average cup-to-disc ratio; V-C/D, vertical cup-to-disc ratio; VA, visual acuity; n/a = not applicable; IOP, RNFLT, A-C/D, V-C/D, and VA are presented as mean binocular values. The same abbreviations are used for all figures and tables.

10.1371/journal.pone.0170598.t002

###### General clinical information for postoperative primary angle-closure glaucoma (post-PACG) and corresponding preoperative-PACG (pre-PACG) patients.

![](pone.0170598.t002){#pone.0170598.t002g}

  Condition                  Pre-PACG           Post-PACG          *P* value
  -------------------------- ------------------ ------------------ -----------
  Mean age (years) (range)   53 (43-63)         53 (43-63)         \> 0.99
  Gender (male/female)       3/6                3/6                \> 0.99
  Handedness (right/left)    9/0                9/0                \> 0.99
  IOP (mmHg)                 32.56±7.02         17.33±1.80         0.03
  RNFLT (μm)                 88.22±18.99        85.94±18.27        0.79
  A-C/D                      0.67±0.14          0.68±0.13          0.94
  V-C/D                      0.64±0.17          0.65±0.17          0.96
  Mean VA (range)            0.56 (0.04-1.10)   0.60 (0.08-1.20)   0.81
  Head motion                0.051±0.011        0.036±0.015        0.213

Note: IOP, RNFLT, A-C/D, V-C/D, and VA are presented as mean binocular values.

1.2 Data acquisition {#sec008}
--------------------

The rs-fMRI data were acquired using a 3-T MR scanner (Siemens, Erlangen, Germany) with an 8-channel phased-array head coil at the Department of Radiology of the First Affiliated Hospital, Nanchang University, China. All subjects were directed to sit for 10 minutes prior to resting-state scanning. Next, they were instructed to keep their eyes closed but to not fall asleep. The subjects were further instructed to not engage in any specific thinking activities during data acquisition. Head movements and noise were suppressed using a suitable sponge mat and earplugs, respectively. rs-fMRI data acquisition lasted for 8 minutes, and 240 resting-state volumes were acquired using the following parameters: repetition time (TR) = 2000 ms; echo time (TE) = 40 ms; flip angle = 90°; field of view (FOV) = 240 mm×240 mm; matrix = 64×64; and slice thickness = 4 mm with 1 mm gap. Each brain volume included 30 axial slices. High-resolution T1-weighted images for each subject were acquired with a 3D MRI sequence, and the parameters were as follows: TR = 1900 ms; TE = 2.26 ms; flip angle = 9°; FOV = 240 mm×240 mm; matrix = 256×256; number of sagittal slices = 176; and slice thickness = 1 mm.

1.3 Data preprocessing {#sec009}
----------------------

We utilized DPARSFA advanced edition (DPARSFA 4.0, <http://rfmri.org/DPARSF>)) which was based on statistical parametric mapping (SPM, <http://www.fil.ion.ucl.ac.uk/spm>) and the rs-fMRI Data Analysis Toolkit (REST, [http://www.restfmri.net](http://www.restfmri.net/)) for the rs-fMRI data analysis \[[@pone.0170598.ref024]\]. The main preprocessing procedure was as follows: (1) transformation of DICOM files into NIFTI images; (2) discarding of the first 10 volumes to allow for magnetization equilibration and adaptation of the subjects to the surroundings; (3) slice timing; (4) head motion correction; (5) co-registration of functional images to high-resolution T1-weighted structural images, segmentation of structural data, spatial normalization to standard Montreal Neurological Institute (MNI) space, and resampling to 3×3×3 mm isotropic voxels; (6) smoothing with a 6 mm full-width-half-maximum Gaussian kernel; (7) removal of the linear trend of the time series; (8) filtering (0.01--0.1 Hz) to reduce the effects of low-frequency drifts and high-frequency noise; and (9) regressing out head motion as well as white matter, cerebrospinal fluid and global signals as nuisance variables. Some studies have demonstrated that higher-order models are beneficial for the removal of head motion effects; therefore, the Friston 24-Parameter Model was used to regress out these effects in this study. We only regressed out the global signal to obtain the iFC patterns because it is unclear whether global signal regression has complex effects on functional connectivity \[[@pone.0170598.ref025]\]. The head motion data are shown in Tables [1](#pone.0170598.t001){ref-type="table"} and [2](#pone.0170598.t002){ref-type="table"} and are based on computation of voxel-specific frame-wise displacement (FDvox) with the DPARSFA toolbox according to the criteria of Van Dijk et al. \[[@pone.0170598.ref026]\].

1.4 Seed-based iFC analysis {#sec010}
---------------------------

Regions of interest (ROIs) were selected according to the literature \[[@pone.0170598.ref013]\]. The center of V1 was chosen as the seed point, and the MNI coordinates of bilateral V1 were (left: -8,-76,10) and (right: 7,-76,10). The diameter of the sphere ROI was 10 mm (approximately 27 cubic voxels), and Pearson correlation coefficients were calculated between the mean time course of the ROI and the time courses for all other brain voxels. Fisher's z transform analysis was applied to the Pearson correlation coefficients to obtain an approximate normal distribution to enable the subsequent statistical analysis.

1.5 Clinical assessment {#sec011}
-----------------------

All patients underwent detailed ophthalmological examination. The state of the anterior chamber angle was determined by gonioscopy and the slit-lamp examination. IOP was measured using a tonometer, while retinal nerve fiber layer thickness (RNFLT), the average cup-to-disc ratio (A-C/D) and the vertical cup-to-disc ratio (V-C/D) were evaluated by optical coherence tomography (Cirrus HD-OCT). In addition, the disease course and visual acuity (VA) were recorded.

1.6 Statistical analysis {#sec012}
------------------------

Statistical analysis of the general clinical data was performed using SPSS software version 19.0 (IBM, Armonk, NY, USA), and Student's t-test was used to examine differences in age, gender, handedness, and ophthalmic findings between the pre-PACG patients and HCs. The paired-sample t-test was also used for group comparisons between the post- and pre-PACG patients (*P* \< 0.05). Further, the Chi-square test was used for comparisons of categorical data (gender and handedness).

The statistical module of the dpabi (<http://rfmri.org/dpabi>) was used for rs-fMRI data analysis. The random-effect one-sample t-test was used to determine the spatial distribution pattern of iFC of V1 in the HCs, and pre- and post-PACG groups (two-tailed false discovery rate (FDR)-corrected *P* \< 0.001). The iFC maps were compared using a general linear model (GLM) and one-way analysis of covariance (ANCOVA), with age and gender used as covariates. The post hoc, two-sample t-test was used to examine differences in iFC between the pre-PACG patients and HCs (one-tailed Gaussian random field (GRF)-corrected at voxel level *P* \< 0.01 and cluster level *P* \< 0.05). In addition, the paired-sample t-test was used to examine differences in iFC between the post- and pre-PACG groups (one-tailed GRF-corrected voxel-level *P* \< 0.01 and cluster-level *P* \< 0.05).

Clarification of the different statistical correction methods used in rs-fMRI data analysis: (1) in the one-sample t-test, FDR correction was used to reduce type I errors; (2) in the post hoc two-sample t-test, GRF correction was used for group comparisons, for which correction has been used extensively in the fMRI literature. Controlling the FDR could provide a more severe and rigorous analysis of the FDR of voxels than GRF correction for family-wise errors, but for group comparison, it should be controlling the FDR of features. In the brain, neuronal activity propagates through intrinsic and lateral connections, and the activity signal recorded by the BOLD effect was used as smoothing for between-subject (second-level) analyses with Gaussian filters, rendering a continuous signal. The GRF correction has a clear advantage because it uses a smoothness estimator prior to the analysis to reduce the number of independent voxels (or, rather, resels, i.e. resolution elements) \[[@pone.0170598.ref027]--[@pone.0170598.ref029]\]. If the FDR correction was instead performed for group comparisons, there would be few voxels.

Finally, *Pearson* correlation (multiple linear regression in SPSS) analysis was performed for the PACG patients to assess the correlations between the clinical variables (disease duration, IOP, RNFLT, A-C/D, V-C/D, and VA) and the average iFC coefficient measured in each region, which showed differences between the groups (with age and gender as covariates, multiple comparisons performed using a Bonferroni-corrected *P* \< 0.0083).

Results {#sec013}
=======

2.1 General clinical information {#sec014}
--------------------------------

As shown in [Table 1](#pone.0170598.t001){ref-type="table"}, no significant differences were detected in age, gender, or handedness between the pre-PACG patients and HCs (*P \>* 0.05). In addition, as shown in [Table 2](#pone.0170598.t002){ref-type="table"}, no significant differences were observed in the ophthalmic findings, except for IOP, between the pre- and post-PACG patients.

2.2 Spatial distribution and alteration of iFC of V1 in pre-PACG patients {#sec015}
-------------------------------------------------------------------------

The iFC spatial distribution maps of the left or right V1 in the HCs (n = 25) and pre-PACG patients (n = 25) were generated by seed-based functional connectivity analysis ([Fig 1A--1D](#pone.0170598.g001){ref-type="fig"}). The statistical significance of each result was based on a threshold of *P* \< 0.001 with the FDR corrected.

![iFC spatial distribution maps of V1.\
iFC spatial distribution maps of the left (**a**) and right (**b**) V1 in the HCs and the left (**c**) and right (**d**) V1 in the pre-PACG patients based on a threshold of *P* \< 0.001 with false discovery rate correction. Spatial distribution was visualized using DPABI slice viewer (<http://rfmri.org/dpabi>). Abbreviations: iFC, intrinsic functional connectivity; V1, primary visual cortex; HCs, healthy controls; pre-PACG, preoperative primary angle-closure glaucoma. The same abbreviations are used for all figures and tables.](pone.0170598.g001){#pone.0170598.g001}

Compared with the HCs, the pre-PACG patients (n = 25) exhibited significantly decreased iFC between the right cuneus/calcarine/lingual gyrus/posterior cingulate cortex (CUN/Ca/LIG/PCC) and the left V1. In addition, significantly increased iFC was observed between the left superior temporal gyrus/middle temporal gyrus/inferior parietal lobule/hippocampus (STG/MTG/IPL/HIP), left inferior frontal gyrus/extra-nuclear/putamen/insula (IFG/EXN/PUT/INS), right IPL, and right INS/PUT/EXN, and the left V1 ([Table 3](#pone.0170598.t003){ref-type="table"} and [Fig 2A and 2C](#pone.0170598.g002){ref-type="fig"}).

![Alteration of iFC of V1 in pre-PACG patients.\
Regions showing significant differences in iFC of the left (**a**) and right (**b**) V1 between the pre-PACG patients and HCs (one-tailed voxel-level *P* \< 0.01 and cluster-level *P* \< 0.05 with GRF correction). The hot (cool) color represents increased (decreased) iFC in the pre-PACG patients compared with the HCs. Spatial distribution was visualized using surface brain imaging in BrainNet Viewer ([www.nitrc.org/projects/bnv/](http://www.nitrc.org/projects/bnv/)) and DPABI slice viewer (<http://rfmri.org/dpabi>). Bar plot of the iFC of the left V1 (**c**) and the right V1 (**d**) for the significant clusters in the pre-PACG patients vs. HCs.](pone.0170598.g002){#pone.0170598.g002}

10.1371/journal.pone.0170598.t003

###### Group differences in iFC of V1 between pre-PACG patients and HCs (one-tailed voxel-level *P* \< 0.01 and cluster-level *P* \< 0.05 with GRF correction).

![](pone.0170598.t003){#pone.0170598.t003g}

  Brain regions               Voxels   MNI coordinates   BA    *T* value           
  --------------------------- -------- ----------------- ----- ----------- ------- -------
  **Seed: left V1**                                                                
  Right CUN/Ca/LIG/PCC        252      9                 -72   9           18,30   -3.95
  Left STG/MTG/IPL/HIP        243      -39               -21   -12         22      4.57
  Left IFG/EXN/PUT/INS        287      -45               12    12          44      3.91
  Right IPL                   141      54                -33   33          40      3.81
  Right INS/PUT/EXN           218      36                9     -3          \-      4.52
  **Seed: right V1**                                                               
  Left CAL/PCC/Ca/Right LIG   227      -3                -57   -3          18      -3.68
  Left STG/MTG/HIP            316      -42               -36   -6          22      4.49
  Left EXN/PUT/INS/IFG        318      -21               3     18          \-      4.14
  Right INS/PUT/EXN           178      39                9     3           \-      4.17

Abbreviations: MNI, Montreal Neurological Institute; BA, Brodmann area; CUN, cuneus; Ca, calcarine; LIG, lingual gyrus; PCC, posterior cingulate cortex; STG, superior temporal gyrus; MTG, middle temporal gyrus; IPL, inferior parietal lobule; HIP, hippocampus; IFG, inferior frontal gyrus; EXN, extra-nuclear; PUT, putamen; INS, insula; CAL, cerebellum anterior lobe. The same abbreviations are used for all figures and tables.

Compared with the HCs, the pre-PACG patients (n = 25) exhibited significantly decreased iFC between the left cerebellum anterior lobe (CAL)/PCC/Ca/right LIG and the right V1. Moreover, significantly increased iFC was detected between the left STG/MTG/HIP, the left EXN/PUT/INS/IFG, and right INS/PUT/EXN, and the right V1 ([Table 3](#pone.0170598.t003){ref-type="table"} and [Fig 2B and 2D](#pone.0170598.g002){ref-type="fig"}).

2.3 Alteration of iFC of V1 between pre-PACG and post-PACG patients {#sec016}
-------------------------------------------------------------------

Compared with the pre-PACG patients (n = 9), the post-PACG patients (n = 9) exhibited significantly decreased iFC between the left superior frontal gyrus/anterior cingulate cortex/middle frontal gyrus (SFG/ACC/MFG), right cerebellum posterior lobe (CPL) and the left V1. In addition, significantly increased iFC was observed between the left precuneus (PCU)/CUN/right superior occipital gyrus (SOG), left and right postcentral gyrus (POCG)/IPL and the left V1 ([Table 4](#pone.0170598.t004){ref-type="table"}, [Fig 3A](#pone.0170598.g003){ref-type="fig"}).

![Alteration of iFC of V1 between the pre-PACG and post-PACG patients.\
Regions showing significant differences in iFC of the left V1 (**a**) and right V1 (**b**) between the post- and pre-PACG patients (one-tailed voxel-level *P* \< 0.01 and cluster-level *P* \< 0.05 with GRF correction). The hot (cool) color represents increased (decreased) iFC in the post-PACG patients compared with the pre-PACG patients. Spatial distribution was visualized using surface brain imaging in the BrainNet Viewer ([www.nitrc.org/projects/bnv/](http://www.nitrc.org/projects/bnv/)) and DPABI slice viewer (<http://rfmri.org/dpabi>).](pone.0170598.g003){#pone.0170598.g003}

10.1371/journal.pone.0170598.t004

###### Group differences in iFC of V1 between post- and pre-PACG patients (one-tailed voxel-level *P* \< 0.01 and cluster-level *P* \< 0.05 with GRF correction).

![](pone.0170598.t004){#pone.0170598.t004g}

  Brain regions            Voxels   MNI coordinates   BA    *T* value             
  ------------------------ -------- ----------------- ----- ----------- --------- --------
  **Seed: left V1**                                                               
  Left SFG/ACC/MFG         602      -18               63    21          10,32     -11.70
  Right CPL                306      51                -69   -42         \-        -7.03
  Left PCU/CUN/Right SOG   302      -18               -81   42          18,19,7   10.91
  Left POCG/IPL            368      -51               -24   48          2,40      6.65
  Right POCG/IPL           391      57                -21   48          2,40      6.05
  **Seed: right V1**                                                              
  Left ACC/MFG/SFG         1298     -12               36    -3          10,32     -9.58
  Right CPL                198      51                -69   -42         \-        -9.54
  Left CUN/Right SOG/Ca    459      -9                -87   45          18,19     8.66
  Left POCG/IPL            337      -39               -36   57          2,40      6.44
  Right POCG/IPL           388      57                -21   48          2,40      6.47

Abbreviations: MNI, Montreal Neurological Institute; BA, Brodmann area; SFG, superior frontal gyrus; ACC, anterior cingulate cortex; MFG, middle frontal gyrus; CPL, cerebellum posterior lobe; PCU, precuneus; SOG, superior occipital gyrus; POCG, postcentral gyrus. The same abbreviations are used for all figures and tables.

Compared with the pre-PACG patients (n = 9), the post-PACG patients (n = 9) showed significantly decreased iFC between the left ACC/MFG/SFG, right CPL and the right V1. In addition, significantly increased iFC was detected between the left CUN/right SOG/Ca, left and right POCG/IPL and the right V1 ([Table 4](#pone.0170598.t004){ref-type="table"}, [Fig 3B](#pone.0170598.g003){ref-type="fig"}). Further, group differences between the post-PACG patients and HCs were observed in the regions with altered V1-iFC between the pre- and post-PACG patients ([S1 Fig](#pone.0170598.s005){ref-type="supplementary-material"} shows the results of an ANOVA comparing the HCs (n = 9), pre-PACG patients (n = 9), and post-PACG patients (n = 9); and [S2 Fig](#pone.0170598.s006){ref-type="supplementary-material"} shows the results of the two-sample t-test analysis between the HCs and post-PACG patients).

2.4 Relationships between clinical indices and iFC of V1 in pre-PACG patients {#sec017}
-----------------------------------------------------------------------------

In the pre-PACG group, correlation analysis between the clinical variables (disease duration, IOP, RNFLT, A-C/D, V-C/D, and VA) and iFC coefficients (between the regions with group differences in the left or right V1) showed that the increased iFC coefficients between the left STG/MTG/IPL/HIP and left V1 (*P* = 0.004), and between the right IPL and left V1 (*P* = 0.001) were positively correlated with VA ([Fig 4](#pone.0170598.g004){ref-type="fig"}). By contrast, no significant correlations were observed between the clinical indices and the other iFC coefficients for the pre-PACG patients ([S1](#pone.0170598.s008){ref-type="supplementary-material"} and [S2](#pone.0170598.s009){ref-type="supplementary-material"} Tables). In addition, no significant correlation was detected between the IOP and altered V1-iFC coefficients in the post-PACG patients ([S3 Table](#pone.0170598.s010){ref-type="supplementary-material"}).

![Relationships between clinical indices and iFC of V1 in pre-PACG patients.\
The increased iFC coefficients between the left STG/MTG/IPL/HIP and left V1 (**a**, *r* = 0.553, *P* = 0.004) and between the right IPL and left V1 (**b**, *r* = 0.643, *P* = 0.001) were positively correlated with VA.](pone.0170598.g004){#pone.0170598.g004}

Discussion {#sec018}
==========

The main finding of this study is that the pre-PACG patients exhibited decreased visual information integration in the left V1-V2 pathway and functionally relevant compensation in multimodal processing and visual-cognition regions. The significantly decreased iFC of the left V1 was distributed among the V2 (BA18) regions, mainly the right CUN/Ca/LIG, in the pre-PACG patients. However, the increased left V1-iFC was mainly distributed in the left temporal-parietal region (STG/MTG/IPL/HIP; in multimodal processing regions), left frontal opercula-insula-basal ganglia region (IFG/EXN/PUT/INS; in multimodal processing regions), right IPL, and right insula-basal ganglia region (INS/PUT/EXN). At three months after trabeculectomy and peripheral iridectomy, the post-PACG patients showed increased left V1-iFC, mainly distributed in the left PCU/CUN/right SOG (BA18, BA19, and BA7) and bilateral POCG, but decreased left V1-iFC in the prefrontal cortex and right CPL. Collectively, these changes are indicative of improved left V1-V2 integration. The pattern of alterations in right V1-iFC was similar to that of left V1-iFC in the pre- and post-PACG patients.

3.1 Evidence of functional plasticity in the left V1-V2 pathway in both pre- and post-PACG patients {#sec019}
---------------------------------------------------------------------------------------------------

The results of this study showed that the pre-PACG patients exhibited significantly decreased iFC of the left V1-V2 pathway, but these decreased iFC values were significantly improved in the post-PACG patients (see [S3 Fig](#pone.0170598.s007){ref-type="supplementary-material"}).

In the PACG patients, the blocked outflow of aqueous humor and increased IOP led to the degeneration or apoptosis of RGCs and cross-synaptic degeneration in the visual pathway \[[@pone.0170598.ref008],[@pone.0170598.ref030]\], resulting in reduced visual information input and/or dysfunction in the central visual cortex. Recently, many rs-fMRI studies have shown reduced spontaneous brain activity in the central visual cortex in glaucoma patients, including decreased ALFF values in the bilateral CUN, Ca and left LIG \[[@pone.0170598.ref014]\], decreased ReHo values in the bilateral Ca and right LIG \[[@pone.0170598.ref015]\], and decreased DC values in V1 and V2 \[[@pone.0170598.ref021]\]. This evidence of reduced intrinsic activity implies dysfunction of the V1-V2 pathway. In the present study, decreased iFC was demonstrated in the left V1-V2 pathway by seed-based connectivity analysis. Significantly decreased iFC was observed between the left V1 and right V2 (mainly covering the CUN, Ca and LIG) in the pre-PACG patients (treatment-naïve), indicating reduced visual information integration. In a previous study, Dai et al. \[[@pone.0170598.ref013]\] have shown decreased iFC between V1 and the left fusiform gyrus, left middle occipital gyrus, and right SOG in POAG patients. These brain regions are located in BA19, which is also part of V2. The findings of our study are similar to those of Dai et al.'s study, but they are not identical for POAG patients because patients with different types of glaucoma were involved in the two studies.

Interestingly, by three months after treatment, the iFC between the left V1 and V2 was significantly increased, indicating improved intrinsic activity of the left V1-V2 pathway post-treatment by trabeculectomy and peripheral iridectomy. These results are consistent with those of previous study of DC \[[@pone.0170598.ref021]\]. In our study, although the visual field loss was irreversible, almost all of the PACG patients (9/9 post-PACG) exhibited slightly ameliorated clinical symptoms or visual function (significantly decreased IOP and slightly improved VA). It has been reported that at lower IOP, patients show better retention of visual function \[[@pone.0170598.ref031]\]. Our findings demonstrated significantly decreased IOP after surgical treatment, resulting in a reduction in the degeneration or apoptosis of RGCs, which led to a decrease in cross-synaptic degeneration in the visual cortex. This process finally culminated in functional plasticity of the visual cortex and V1-V2 pathway, and it plays an important role in the promotion/recovery of the visual function of PACG patients after surgery.

3.2 Compensatory increase in functional connectivity in pre-PACG patients {#sec020}
-------------------------------------------------------------------------

In this study, we observed increased iFC between the left V1 and the left temporal-parietal region (STG/MTG/IPL/HIP) and left frontal opercula-insula-basal ganglia region (IFG/EXN/PUT/INS), as well as between the right IPL and the right insula-basal ganglia region (INS/PUT/EXN), indicating functional compensation in the pre-PACG patients.

Our findings showed that the IPL and left HIP, part of the default-mode network (DMN), are functionally connected to the visual cortex. Functional connectivity analysis of human fMRI data revealed that visual cortical areas that selectively process relevant information are functionally connected to the frontal-parietal network, while those processing irrelevant information are simultaneously coupled with the DMN \[[@pone.0170598.ref032]\]. More importantly, the DMN is an intrinsically visually oriented system \[[@pone.0170598.ref033]\]. In the PACG patients, the decreased visual monitoring ability was inevitable because of the visual field defects and abnormal VA. Increased iFC between the left V1 and DMN (IPL and left HIP), particularly iFC between the left V1 and right IPL, was positively correlated with VA, suggesting functional compensation of the DMN to improve VA.

The STG is related to auditory information processing, the MTG is associated with auditory and language processing, the IFG is the correlational language cortex, and the INS is part of the frontal attention network \[[@pone.0170598.ref034]\]. Altered iFC values have been reported in POAG patients between the visual cortex and the right STG, right INS, and EXN \[[@pone.0170598.ref013]\]. In the PACG patients, the increased iFC values between the left V1 and left STG/MTG, left IFG, and right INS indicated increased visual information input from the visual cortex to the auditory, language and frontal attention networks, which could be explained by functional compensation due to a loss of inhibitory input from V1 or compensatory recruitment. The increased iFC between the left V1 and the left STG/MTG/IPL/HIP association with enhanced VA indicates that these compensatory values might contribute to the improvement of VA.

3.3 Functional restoration in post-PACG patients {#sec021}
------------------------------------------------

Significantly increased iFC between the left V1 and POCG (primary somatosensory cortex, belonging to the somato-motor network \[[@pone.0170598.ref034]\]) was observed in the post-PACG patients. The somato-motor network had been reported to be associated with V1 spontaneous activity \[[@pone.0170598.ref035]\], and in a previous study, decreased iFC between V1 and POCG has been observed in POAG patients \[[@pone.0170598.ref013]\]. In glaucoma patients, a reduction in the degeneration or apoptosis of RGCs can occur in post-surgery patients, along with decreased IOP and improved visual function. Under these conditions, the visual cortex may receive more visual information to visually guide somatosensory information processing, resulting in increased functional connectivity between V1 and the somatosensory cortex.

Decreased iFC of the left V1 was also detected in the post-PACG patients. These brain regions mainly included the left SFG/MFG and right CPL. The MFG and right CPL belong to the dorsal attention network, and the left SFG is part of the frontoparietal control network \[[@pone.0170598.ref034]\]. Decreased iFC between V1 and the attention or control network reflects the decreased transmission of visual-related information originating in V1 or high-efficiency information exchange in the post-PACG patients, with improved IOP or visual sense. An alternative interpretation is decreased functional compensation in the frontal lobe in the post-PACG patients, with visual functional improvement or plasticity of the visual cortex.

3.4 Similar alteration in right V1-iFC in pre- and post-PACG patients {#sec022}
---------------------------------------------------------------------

In this study, the patterns of iFC alterations in right V1 were similar to those in the left V1 in the pre- and post-PACG patients relative to the controls. Compared with the pattern of iFC alterations in the left V1, more regions with decreased iFC in the right V1 were detected in the left CAL in the pre-PACG patients. The CAL is the portion of the cerebellum responsible for mediating unconscious proprioception, and it may play a critical role in the execution and proper timing of learned responses \[[@pone.0170598.ref036]\]. Decreased FC between the V1 and the cerebellum has been reported in amblyopia \[[@pone.0170598.ref037]\], indicating that visual impairment and reduced visual information input might impact the CAL- mediated executive control function. In this study, we observed decreased iFC of the right V1-left CAL in the pre-PACG patients, verifying the previous finding of decreased iFC in amblyopia patients and indicating a visual-related executive control dysfunction in pre-PACG patients.

Limitations {#sec023}
===========

This study has several limitations. First, neuropsychological assessment should be conducted because depression, mental disorders and other mental symptoms have been observed in a large number of PACG patients. Second, the number of post-PACG patients was relatively low because of poor patient compliance; therefore, more post-PACG patients should be followed up and the iFC alterations at different stages after surgery should be further studied to explore the neuroplastic trajectories of surgery. Third, the disease durations of the pre-PACG patients varied greatly. Finally, in many pre-PACG patients, medication was used to lower IOP, which might have affected the iFC of V1 to some extent.

Conclusions {#sec024}
===========

This study characterized the iFC of V1 in patients with PACG. The primary findings indicated decreased visual information integration in the left V1-V2 pathway and VA-related functional compensation in multimodal processing and visual-cognition regions in the pre-PACG patients, generating further evidence of functional restoration in post-PACG patients. These findings provide insight for increasing the understanding of the underlying pathological and compensatory mechanisms in the central nervous system in PACG patients before and after surgery.

Supporting Information {#sec025}
======================

###### iFC maps of the left V1 for the HCs and pre-PACG patients (n = 25).

(ZIP)

###### 

Click here for additional data file.

###### iFC maps of the right V1 for the HCs and pre-PACG patients (n = 25).

(ZIP)

###### 

Click here for additional data file.

###### iFC maps of the left V1 for the HCs and pre- and post-PACG patients (n = 9).

(ZIP)

###### 

Click here for additional data file.

###### iFC maps of the right V1 for the HCs and pre- and post-PACG patients (n = 9).

(ZIP)

###### 

Click here for additional data file.

###### 

**ANOVA of the iFC of the left V1 (a) and right V1 (b) in the HCs, and pre- and post-PACG patients (n = 9).** The hot color indicates regions showing significant differences in iFC of the left (**a**) and right (**b**) V1 among the HCs, pre- and post-PACG patients (one-tailed voxel-level *P* \< 0.01 and cluster-level *P* \< 0.05 with GRF correction). These brain regions mainly included the right CPL, left SFG/MFG/ACC, left or right CUN/LIG/Ca/SOG, left PCU/PCC, and left or right POCG/IPL. Spatial distribution was visualized using DPABI slice viewer (<http://rfmri.org/dpabi>).

(TIF)

###### 

Click here for additional data file.

###### 

**Alterations of iFC of the left V1 (a) and right V1 (b) between the HCs and post-PACG patients (n = 9).** The hot (cool) color indicates increased (decreased) iFC of the left V1 (**a**) and right V1 (**b**) in the post-PACG patients compared with the HCs. Compared with the HCs, the post-PACG patients exhibited significantly increased iFC between the left or right CUN/right SOG/PCU/superior parietal lobule/left LIG/Ca, right INS/POCG/precentral gyrus (PRCG)/IPL, left POCG/PRCG/IPL/STG and the left V1; In addition, significantly decreased iFC was observed between the left or right CPL, left or right SFG/medial frontal gyrus/MFG/ACC, left or right PCU/PCC and the left V1. The iFC alterations of the right V1 was similar to those of the left V1. Spatial distribution was visualized using DPABI slice viewer (<http://rfmri.org/dpabi>).

(TIF)

###### 

Click here for additional data file.

###### 

Bar plot of iFC of the left V1 (a) and right V1 (b) for the significant clusters in the post-PACG patients vs. pre-PACG patients vs. HCs (n = 9).

(TIF)

###### 

Click here for additional data file.

###### Correlation analysis between the clinical indices and altered left V1-iFC coefficients in the pre-PACG patients.

(DOC)

###### 

Click here for additional data file.

###### Correlation analysis between the clinical indices and altered right V1-iFC coefficients in the pre-PACG patients.

(DOC)

###### 

Click here for additional data file.

###### Correlation analysis between the IOP and altered V1-iFC coefficients in the post-PACG patients.

(DOC)

###### 

Click here for additional data file.
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